Abstract-In this paper we present some experimental results on the cyclostationarity properties of the IEEE802.11n Wi-Fi transmissions, and the usage of the cyclostationarity features to detect IEEE802.11n radios in the context of ultra wide band (UWB) based cognitive radios (CR). The IEEE 802.11n lies in the UWB frequency range, at 5.2GHz, and the CR needs to successfully detect the legacy user to avoid interference. By performing cyclostationarity analysis we compute the cyclic power spectrum (CPS) of the IEEE802.11n transmissions and use it for detecting the presence of the legacy user. We conduct experimentations to perform our study under different channel conditions and perform post signal analysis to measure the detection performance using the CPS based detection technique. The probability of false alarm and the probability of missed detection are computed and the results are presented for different channel conditions, together with the CPS of the legacy user's signal.
I. INTRODUCTION Cognitive Radio (CR) has emerged to be a promising technology for efficiently utilizing the electromagnetic spectrum [1] [2] [3] [4] . The CR uses the spectrum opportunistically as a secondary means of transmission when the spectrum becomes available in a spatio-temporal manner. The CR detects any legacy users of the spectrum in the surroundings and performs secondary communications when the spectrum becomes available (i.e. when not utilized by the legacy users). In order to detect the legacy users CR senses the spectrum continuously in time and space, and therefore spectrum sensing is considered to be a crucial functionality for the CR to learn the radio environment. The radio spectrum regulatory bodies around the world have also shown great interest in such technology considering the efficient usage of the spectrum [5] [6] .
In the recent years, ultra-wideband (UWB) communications has emerged as a potential candidate for CR technology, and therefore we are interested in studying the co-existence of radios operating in the UWB frequency range from 3.1GHz -10GHz [7] , [8] . In such contexts we study the co-existence of the IEEE802.11n Wi-Fi and UWB systems in this paper. Our study is related to detecting the legacy user by the UWB-CR on its presence to avoid interference to the legacy user's communications. In [17] , we have presented a similar study on detecting IEEE802.11n using the energy based detection technique, and in this paper we study the cyclostationarity features of the IEEE802.11n transmissions and perform legacy user detection based on the cyclostationarity features of the Wi-Fi transmissions. Up to the authors' knowledge there has been no experimental studies performed so far in the scientific literature on the co-existence of UWB and the IEEE 802.11n systems considering the cyclostationarity features.
Cyclostationarity feature based studies have been already well developed in the literature of signal processing, which can be found in [11] , [12] . Wireless transmissions in general show very strong cyclostationarity features depending on its modulation type, data rate and carrier frequency etc., especially when excess bandwidth is utilized. Therefore identifying the unique set of features of a particular radio signal for a given wireless access system can be used to detect the system based on its cyclostationarity features. In the context of spectrum sensing for cognitive radios some studies have been performed and some techniques have been proposed to detect the legacy user based on its cyclostationarity features [13] [14] [15] [16] . In our work however, we perform experimental analysis to study the performance of detecting the legacy user based on its cyclostationarity features in particularly for detecting IEEE802.11n Wi-Fi.
The rest of the paper is organized as follows. In Section II we present the coexisting network model, and in Section III we present the test bed used for the measurements. In Section IV we present the theoretical background for the cyclostationary spectral analysis followed by the spectrum sensing and detection technique in Section V. In Section VI we present the experimental results and finally provide some concluding remarks in Section VII.
II. UWB AND WIFI COEXISTING NETWORK MODEL
The main motivation behind providing a brief description of the 802.11n and the UWB-CR based systems is to understand the requirements for the CR to co-exist with the former. Figure-1 depicts the co-existence of the two wireless systems in the frequency domain for an indoor environment. The IEEE 802.11n system is an extensions of the 802.11 standards for wireless local area networks. The system requirements and specifications for it still appears as a draft version and yet to be approved as a standard [9] . The 802.11n system can operate either in a 20MHz or a 40MHz bandwidth as defined in the draft [9] . It uses the OFDM transmission scheme and supports up to four spatial multiplexing units (i.e. four antennas), which can either be used for spatial diversity or alternatively as a Multiple-Input Multiple-Output (MIMO) system to enhance the throughput. Depending on the co-existing peer node and given the node's capabilities, the 802.11n can use its multiple antenna architecture to be configured as a MIMO system. If the peer node has no MIMO capabilities then the 802.11n needs to operate as a standard single antenna unit, though it still can use its multiple antenna architecture to attain spatial diversity. In other words, the 802.11n basically needs to coexist with the other legacy 802.11 WiFi systems according to the draft.
B. Ultra Wideband Based Cognitive Radio
The UWB frequency band has the potential to incorporate CR for secondary communications due to its very large frequency bandwidth from 3.1GHz-10GHz, and also due to the fact that the legacy users within this band do not utilize the spectrum all the time. In general, there are two known ways to perform UWB transmissions. First, the impulse radio based transmission scheme for low data rate applications such as for positional applications, and second, the multi-band OFDM (MB-OFDM) based transmissions scheme for high data rate applications such as for short range high throughput multimedia applications. In both the cases, when UWB nodes are used as CRs, the CR nodes need to identify any legacy users present in the environment and adopt its transmission spectrum accordingly in order to avoid interferences to the legacy primary systems. The MB-OFDM uses fourteen different frequency bands (band-1 to band-14) forming a group of five bands known as band groups (by grouping several frequency bands), with a bandwidth of 528 MHz each. In the recent days there has also been a 6th band group in addition to the existing ones by merging band-9, band-10 and band-11 together. Such an approach of having different spectral bands is convenient especially to design spectral sniffer functions.
III. TEST-BED CONFIGURATIONS FOR MEASUREMENTS
The measurements for the detection of the 802.11n in a nonfading channel environment were conducted in the European Microwave Signature Laboratory (EMSL) anechoic chamber. The frequency range covered by the EMSL goes from 300 MHz to 26.5 GHz. The measurements were collected using the configuration as depicted in Figure-2 inside the chamber. The 802.11n Wireless router (i.e. Access Point) represents one endpoint of the 802.11n wireless connection. It was positioned on a dielectric block and connected through Ethernet LAN to a PC. The other end-point is represented by an 802.11n adapter connected to a laptop. Both the PC and the laptop are connected to the test bed management system. The 802.11n Wireless router was configured to transmit in the 5 GHz band. A calibrated log-periodic antenna was used to collect the 802.11n signal in the air. The antenna was positioned at 1 meter from 802.11n Wireless router and it was connected to a spectrum analyzer by Tektronix (RSA3408) with a frequency range from DC to 8 GHz. The measurements were saved in I/Q format and transferred to the test bed management system. The variable attenuator of the spectrum analyzer was used to collect a large number of samples of 802.11n signal with various values of attenuation: From 0 dB of attenuation to the level that the 802.11n signal was almost to the noise floor of the spectrum analyzer. The intention is to validate the detection algorithm against very low values of the 802.11n signal power. The sampling bandwidth for the measurements was defined on the basis of the 802.11n signal. The test bed configuration was calibrated in absence of the 802.11n signal before collecting the measurements. Data traffic was set-up and maintained during the collection of the measurements between the PC and the Laptop, through the 802.11n wireless link
In a different setup in comparison to the anechoic chamber scenario, the test bed configuration was designed to replicate a realistic office environment. The EMSL anechoic chamber was not used in this scenario and the test equipment including spectrum analyzer and computers were moved to an adjacent office. In relation to the 802.11n Wireless router, the adapter and the calibrated log-periodic antenna were placed in two different positions in Line of Sight (LOS) and Non Line of Sight (NLOS) configuration as from the figure depicted in Figure-3 . Inside the office room, metallic shelves and tables were on the path between the 802.11n Wireless router and the log-periodic antenna. As in the configuration of the nonfading channel, the internal attenuator in the spectrum analyzer was used again to collect measurements with various levels of attenuation. Data traffic was also set-up and maintained during the collection of the measurements between the PC and the Laptop, through the 802.11n wireless link. In all the scenarios mentioned above the IEEE802.11n systems were configured to operate as a single unit (single antenna) system disabling the MIMO transmissions. 
IV. CYCLOSTATIONARITY FEATURE ANALYSIS
A random process x(t) can be classified as wide sense cyclostationary if its mean and autocorrelation are periodic in time with some period T 0 . Mathematically they are given by,
and
where, t is the time index, τ is the lag associated with the autocorrelation function and m is an integer. The periodic autocorrelation function can be expressed in terms of the Fourier series given by,
where,
The expression in (4) is known as the cycle autocorrelation, and for a cyclostationary process with a period T 0 , the function R α x (τ ) will have component at α = 1/T 0 . Using the Wiener relationship, the Cyclic Power Spectrum (CPS) or the spectral correlation function can be defined as,
The CPS in (5) is a function of the frequency f and the cycle frequency α, and any cyclostationarity features can be detected in the cycle frequency domain. An alternative expression for (5), for the ease of computing the CPS, is given by,
where,X T0 (t, u) is the complex conjugate of X T0 (t, u), and X T0 (t, u) is given by,
Expression in (6) is also known as the time smoothed CPS which theoretically achieves the true CPS for T >> T 0 and for larger T . In the following section we present the detector based on the CPS considering the cyclostationarity features of the signal.
V. DETECTION TECHNIQUE
We use the cyclostationarity feature to detect the presence of the IEEE 802.11n system. Spectrum sensing is performed by dividing the large portion of the UWB spectrum into many subsets of frequency bands and computing the energy associated with it within the sub-bands [18] . Based on the sensed noisy signal, the binary hypothesis test to perform the decision is given by,
where, r u (t) is the signal sensed at the UWB CR node in the u th frequency cluster, ν u (t) is the zero mean bandlimited Gaussian noise at the receiver front end with a noise power of σ 2 u , and s(t) is the legacy user signal. The signal to noise ratio (SNR) is defined by SNR P u s /σ 2 u , where P u s is the received signal power. We consider the channel h to be slowly varying and hence ignore its statistics in our modeling process, we also assume that h ≈ 1. Since we use the CPS function to detect the legacy user, we can re-write (8) in terms of the CPS as,
where, S α ν (f ) is the CPS of the AWGN noise ν, and S α s (f ) is the CPS of the legacy user signal s. In theory, since ν is not a cyclostationary process, the CPS of ν for α = 0 is zero. Therefore, by using the CPS one can detect s when it is present. However, for a finite time duration T , or equivalently a finite length of data in the discrete domain with length N = T /T s , where f s = 1/T s is the sampling frequency, noise can be present in S α r (f ) for α = 0. Based on these arguments, we derive the test statistic for the detector as,
where,S α r (f ) is the conjugate of S α r (f ). The detector is then given by,
where, λ is the detection threshold. Finding the optimum threshold is the most crucial aspect of the detector and is generally used to target a particular performance criteria for the false alarm probability and the miss detection probability. In general, knowing the noise variance will allow us to have better threshold values and is also feasible in many practical situations. In our work however, we present the receiver operating characteristic curves for possible values of λ in order to study the detection performance under various conditions.
VI. EXPERIMENTAL RESULTS AND DETECTION PERFORMANCE ANALYSIS
In this section we present results for the estimation of CPS for the IEEE802.11n signals and the detection performance for the detector described in Section-V, based on experimentally obtained data. As mentioned in Section-III, we conduct experiments in an anechoic chamber (for approximately AWGN only case) and also in an office environment (for fading case).
A. Cyclic Power Spectrum
Using the recorded data from the IEEE802.11n transmissions the CPS was estimated using the discrete versions of the expressions in (6) and (7), where the discrete version of (7) is the Discrete Fourier Transform of a portion of the received signal r around the time sample n = t/T s . Figure-4 depicts the CPS estimates for the experiment in the anechoic chamber, for a signal to noise ratio of SN R = 36dB. The CPS is presented at an intermediate frequency of 100MHz for a bandwidth of B w = 20MHz. From the figure we clearly identify the different frequency and cycle frequency components of the CPS. The cyclostationary feature is observed at the cycle frequencies of α = ±200MHz, where as α = 0 represents the standard power spectrum of the received signal with respect to frequency f . Figure-5 shows a similar CPS plot for the office environment case which incorporates fading effects, for a mean signal to noise ratio of SN R = 16.3dB. From the figure, for the fading case, we again observe the cyclic feature of the spectrum as in Figure-4 but with a ruff density surface due to signal fading. Using the estimated CPS we then perform legacy user detection at the CR node as described in the previous section.
B. Detection Performance
The probabilities of missed detection and false alarm are computed using the test statistic in (11) for detecting IEEE802.11n, and the receiver operating characteristic curves are presented. The probability of false alarm and the probability of missed detection are respectively given by,
Figure-6 depicts the complementary receiver operating characteristic (C-ROC) curves for the measurements performed in the anechoic chamber, for various SNR levels. As one would expect, we see significant performance gain in the curves when the SNR is increased as observed from the figure.
The step like appearances (sudden increase in P M ) at some points in the curves are due to the limited number of data samples that was used to compute the probabilities. The figure also shows the C-ROC curve for the energy based detector [17] , and we see that the CPS based detector performs better than the energy based technique. Note that the CPS based technique requires more time to get a precise estimate of the CPS to perform the detection. One could also decide upon the detection threshold λ depending on the required performance criteria based on the operating characteristics Complementary ROC Curves for detecting 802.11n in a fading environment for various SNR levels curves. Figure-7 depicts the complementary receiver operating characteristic curves for the measurements performed in the office environment, with fading conditions. We also depict the curve for the non-fading case as well in the figure for comparisons. As we observe from the figure, the detection performance is improved with increasing SNR with the nonfading case showing slightly better performances even though it is 0.8dB greater than the fading case. Again, one could use the experimentally obtained operating characteristic curves to determine the detection threshold based on a specific performance criteria.
VII. CONCLUSION
In this paper we experimentally analyzed the detection performance of detecting the IEEE802.11n Wi-Fi based on its cyclostationarity features by a cognitive radio node. The cyclic power spectrum which shows the cyclostationary features on the cycle frequency axis α was estimated using experimentally obtained data and was used for detecting the legacy user. Measurements and the results on the detection performance were presented for a non-fading environment (in an anechoic chamber) and also for an indoor fading environment. The presented receiver operating characteristic curves can be used to decide on the detection threshold for a given detection criteria in practice when there is no proper analytical models are present for determining the threshold.
